SUMMARY Platelets provide an accessible and homogeneous cellular system for investigative studies on hypertension. Hypertension-associated abnormalities of cyclic adenosine 3,5-monophosphate (AMP) metabolism were studied in human platelets. Platelets from hypertensive subjects had an enhanced cyclic AMP accumulation response to prostaglandin E, (twofold increase in prostaglandin Ei sensitivity). The degree of adenylate cyclase activation in response to both prostaglandin E] (receptor-mediated) and forskolin (non-receptor-mediated) was greater in hypertensive than normotensive subjects, and prostaglandin E,-stimulated and forskolin-stimulated adenylate cyclase activity correlated directly (r = 0.71, p<0.001, n = 26). This finding suggests that the catalytic subunit of the enzyme is the rate-limiting step of this hormonal information transduction. Platelets from hypertensive subjects were more sensitive to epinephrine-induced inhibition of the stimulatory effects of prostaglandin E, on both cyclic AMP accumulation (fourfold) and activation of cyclic AMP-dependent protein kinase. These findings suggest that the enhanced cyclic AMP metabolic response to prostaglandin E, in platelets from subjects with established essential hypertension may function as a negative feedback mechanism to protect the cells against calcium overload and to reduce their stimulated participation in hemostatic and thrombotic processes. (Hypertension 8: 662-668, 1986 
B
OTH cyclic nucleotides and calcium play substantial roles in blood pressure regulation. A generalized defect in cellular Ca 2+ handling is involved in the failure of blood pressure regulation. 1 -2 Abnormalities in the vascular metabolism of cyclic nucleotides in both humans and experimental animals have also been observed in hypertension, although several discrepancies exist between studies. 3 Controversial observations regarding both direction and magnitude of anomalies have been made with respect to tissue concentrations of cyclic adenosine 3',5'-monophosphate (AMP), 4 ' 5 and the activities of the enzymes adenylate cyclase 56 and cyclic nucleotide phosphodiesterase, 5 ' 1 -8 which control cyclic AMP levels. Controversy also exists concerning the activity of the target enzyme of cyclic AMP, cyclic AMP-dependent protein kinase. 9 - 10 These qualitative and quantitative dis-
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cyclic AMP metabolism in persons with essential hypertension. We have therefore investigated adenylate cyclase activities in platelet membranes from normotensive and hypertensive subjects. The hormone responsiveness of washed intact platelets from these groups also was examined in terms of cyclic AMP accumulation and activation of cyclic AMP-dependent protein kinase.
Methods

Materials
The H]cyclic AMP (25 Ci/mmol), [a-^PJaden-osine 5'-triphosphate (ATP; 300 Ci/mmol), and [ a -^A T P (50 Ci/mmol) were purchased from Amersham International, Amersham, England. Tribasic sodium citrate (3.64%) was obtained from CIBA-Geigy AG, Basel, Switzerland. Epinephrine (/-adrenalin-dhydrogen tartrate) was obtained from Fluka AG, Buchs, Switzerland; forskolin (7/3-acetoxy-8,13a-epoxy-1 a, 6/3,9a-trihydroxy labd-14-en-11 -one) from Calbiochem-Behring, La Jolla, CA, USA; prostaglandin E, (PGE,) from Serva, Heidelberg, Germany. Dowex AG 50W-X4 (200-400 mesh) was bought from BioRad Laboratories, CA, USA, and neutral alumina WN-3 from Sigma Chemical, St. Louis, MO, USA. All other chemicals were of analytical grade and were purchased from Merck, Darmstadt, Germany, or from Sigma.
Subjects
The first study was composed of nine healthy normotensive volunteers (4 women, 5 men; mean age, 29 ± 4 years) with a resting blood pressure (Korotkoff phase V) of 140/85 mm Hg or less (average, 126 ± 4/79 ± 3 mm Hg) on at least three different occasions and nine subjects with established essential hypertension (3 women, 6 men; mean age 46 ± 4 years) and blood pressure averaging 149 ± 4/97 ± 2 mm Hg. Platelet intracellular free Ca 2+ concentrations ([Ca   2+ ]j) were determined using the fluorescent quin-2 dye technique 17 l8 and were significantly higher in the hypertensive than in the normotensive subjects (147 ± 6 vs 99 ± 5 nM; p<0.001).
A second study was composed of 15 healthy normotensive volunteers (4 women, 11 men, mean age, 36 ± 4 years) with a resting blood pressure of 140/85 mm Hg or less (average, 126 ± 4/81 ± 3 mm Hg) and 11 subjects with established essential hypertension (6 women, 5 men; mean age, 46 ± 5 years) and blood pressure averaging 168 ± 8/105 ± 4 mm Hg. Platelet [Ca 2+ ] ( was 107 ± 6 nM for normotensive subjects and 167 ± 10 nM for hypertensive subjects (p<0.001).
There was no overlap in essential hypertensive (EHT) subjects between study groups, whereas six normotensive (NT) subjects from the first study were included in the second study. The NT volunteers were not taking any medication and had no known family history of hypertension. The EHT subjects had not received any (antihypertensive) therapy for at least 6 weeks before the study. Secondary forms of hypertension were ruled out on the basis of normal chest radiography, urinalysis, and blood chemogram results as well as normal plasma catecholamine levels and normal plasma renin activity. The first study measured cyclic AMP levels and cyclic AMP-dependent protein kinase activity in intact platelets, and the second study measured adenylate cyclase in platelet membranes.
Preparation of Intact Platelets and Platelet Membranes
A 150-ml blood sample was obtained by venipuncture using a 19-gauge needle, and 0.36% sodium citrate (final concentration) was used as an anticoagulant. Platelets were isolated from blood essentially as described previously. 19 Platelets were finally resuspended (5x10* cells/ml) in incubation buffer (Buffer A; 145 raM NaCl, 1 mM CaCl 2 , 5 mM KC1, 1 mM MgCl 2 , 5 mM glucose, 0.5 mM NaHjPO,, 20 mM N-2-hydroxyethylpiperazine-N' -2-ethanesulfonic acid NaOH; pH 7.4 at 37°C) and maintained at 37°C for at least 60 minutes before experimentation. Platelet counts were performed on a Thrombocounter C (Coulter Electronics, Harpenden, Herts, UK). The given isolation and incubation procedures yielded platelet preparations that were nonactivated and functional as assessed by analysis of phosphatidylinositol lipids, incorporation of 32 P into proteins with a relative molecular weight of 47,000 and 20,000, and shape-change response to serotonin (D. Dimitrov, unpublished data, 1985) . Prewashed platelets were resuspended in ice-cold lysing buffer (5 mM tris(hydroxymethyl)aminomethane [Tris] HC1 and 5 mM ethylenediaminetetraacetic acid [EDTA]; pH 7.5 at 40°C) and ruptured by freezing in liquid nitrogen and subsequent thawing. The lysate was diluted to 30 ml with lysing buffer and membranes were collected following centrifugation at 39,000 g for 10 minutes at 4°C. The membrane pellets were resuspended using a tightfitting Potterhomogenizer (B. Braun, Melsungen, West Germany) and washed once with lysing buffer. After centrifugation at 39,000 g for 10 minutes at 4°C, the membranes were suspended in 10 mM MgCl 2 , 1 mM EDTA, and 20 mM Tris HC1 (pH 7.4 at 4°C) to a protein concentration of 1 to 2 mg/ml. Membrane suspensions were maintained at 4°C until experimentation.
Measurement of Cyclic AMP Concentrations
Platelets (5 x 10" cells/ml) were incubated at 37 °C in Buffer A and treated for 30 seconds without additions, with various concentrations of PGE, (10~9-10~4 M), or with simultaneous addition of PGE, (10~6 M) and various concentrations of epinephrine (10~9-10~4 M). Reactions were terminated with ice-cold 25% perchloric acid (40 /il/100 /-il platelet sample) and immediate freezing in liquid nitrogen. Deproteinated and neutralized cell extracts were prepared as previously described. 20 Cyclic AMP concentrations were measured in extracts by radioimmunoassay with the incorporation of the acetylation modification 21 using a commercially available radioimmunoassay kit (New England Nuclear, Boston, MA, USA). 4 M). Thereafter, 50-/il platelet samples were treated with 200 /xl of icecold lysis buffer containing 200 mM morpholineethanesulfonic acid NaOH (pH 6.9), 1 mM EDTA, and 0.2% Triton X-100 and immediately placed in liquid nitrogen. After thawing at 4°C, samples were assayed for protein kinase activity essentially using the phosphocellulose filter method described by Roskoski.
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The reaction mixture (final volume, 50 fil) contained 50 mM morpholinoethanesulfonic acid NaOH (pH 6.9); 2.5 mM magnesium acetate; bovine serum albumin, 1 mg/ml; 0.1 mM EDTA; 0.1 mM Kemptide (Leu-Arg-Arg-Ala-Ser-Leu-Gly; Sigma); 0.1 mM [a-
32 P]ATP (200,000 cpm/nmol); and where necessary, 0.01 mM cyclic AMP. The reaction was initiated by the addition of lysed extract (10 fil; 0.1-0.15 mg/ml), and samples were incubated for 10 minutes at 37°C. Following incubation, 35-ftl aliquots were withdrawn, spotted onto Whatman P81 phosphocellulose squares (Clifton, NJ, USA), and immersed in 75 mM phosphoric acid to terminate the reaction. 22 The squares were washed repeatedly in 75 mM phosphoric acid and dried, and radioactivity was determined by scintillation spectrophotometry (Quicksintz, Zinss Analytic, Frankfurt, Germany). Appropriate controls were performed to correct for endogenous phosphorylation. The activity ratio, which expresses the activity measured in the absence of cyclic AMP divided by the activity measured in the presence of cyclic AMP, is proportional to the percentage of free catalytic subunit in a sample. 23 Freezing and thawing had no appreciable effect on activity ratios. One unit of protein kinase activity is defined as that amount that catalyzes the incorporation of 1 24 and corrections were made for recovery using [ 3 H]cyclic AMP as an internal standard. Then, 3.5 ml of the eluate was mixed with 6 ml of scintillation fluid (Atomlight, New England Nuclear), and the radioactivity of the two isotopes was counted in a scintillation spectrometer.
Determination of Protein Concentration
Protein concentrations were determined colorimetrically 23 using bovine serum albumin (A^, = 6.5) as standard.
Statistical Analysis
The p values were obtained from the unpaired Student's t test. Sigmoidal log dose-response curves for each subject were analyzed according to a logistical four-parametric function as described by De Lean et al. 26 using a weighted nonlinear regression computer program. 27 The EC,,, denotes the concentration of agent inducing half-maximal stimulatory effects; ICd enotes the concentration of agent inducing half-maximal inhibitory effects.
Results Similar basal levels of cyclic AMP were observed in isolated washed platelets from NT and EHT subjects (Table 1) . Platelets were more sensitive to stimulation by PGE, in EHT than in NT subjects (Figure 1 Table 1 ). At saturating concentrations of PGE, no difference in cyclic AMP accumulation between NT and EHT subjects was observed (see Table 1 ).
The relative amounts of cyclic AMP-dependent protein kinase (U/mg) were similar in platelets from NT and EHT subjects (see Table 1 ). Neither the basal activity ratios ( -cyclic AMP/ + cyclic AMP) nor the activity ratios at saturating concentrations of PGE, were different between platelets from NT and EHT subjects (see Table 1 ). The calculated EC^ values for PGE, stimulation of cyclic AMP-dependent protein kinase were comparable in the two groups (NT, 17 ± 5 nM vs EHT, 15 ± 8 nM; complete data not shown).
In platelets from both NT and EHT subjects, epinephrine produced a dose-dependent inhibition of the stimulatory effects of PGE, on cyclic AMP concentrations and cyclic AMP-dependent protein kinase activity ratios (Figure 2) . However, the platelets from EHT subjects exhibited an enhanced sensitivity to inhibition by epinephrine with respect to both cyclic AMP (see Figure 2A ) and cyclic AMP-dependent protein kinase (see Figure 2B ). Calculated ICJO values for epinephrine inhibition of PGE,-induced cyclic AMP production were different between NT and EHT subjects (0.168 ±0.082 vs 0.043 ±0.0016 /xM; p <0.01). Similarly, the ICj,, for epinephrine inhibition of PGE,-induced activation of cyclic AMP-dependent protein kinase in EHT subjects was lower than that for NT subjects (0.061 ±0.021 vs 0.224 ±0.027 /u.M; p<0.01). Under the given experimental conditions there was no measurable epinephrine effect on basal (non-PGE,-stimulated) cyclic AMP concentrations and protein kinase activity (data not shown).
In platelet membranes, the receptor-mediated activation of adenylate cyclase by PGE, and the nonreceptor-mediated stimulation of cyclase by forskolin (which thus far is believed to act directly on the catalytic subunit) were enhanced in EHT as compared with NT subjects (p< 0.05 for PGE, and/><0.001 forforskolin; Table 2 ). Non-receptor-operated stimulation of adenylate cyclase by forskolin correlated with PGE,-receptor-stimulated adenylate cyclase activity (n = 26, r = 0.71, slope = 1.55, p<0.001; Figure 3 ). There was also a direct correlation between epinephrineinduced inhibition of basal adenylate cyclase activity and inhibition of PGE,-stimulated activity {n = 26, r = 0.89, slope = 0.89, /><0.001; Figure 4 ).
FIGURE 2. Epinephrine-induced inhibition of the stimulatory effects of prostaglandin E, (PGE,) on platelet cyclic AMP accumulation and cyclic AMP-dependent protein kinase activity. Intact platelets were incubated for 30 seconds at 37°C with PGE, (10~6 M) and various concentrations of epinephrine (10-9 -J0~4 M) as described in Methods. Total cyclic AMP concentrations (A) and cyclic AMP-dependent protein kinase activities (B) were determined as described in
Discussion
Our study provides evidence that platelet cyclic AMP metabolism is altered in EHT subjects. In intact platelets the cyclic AMP accumulation response to both stimulatory (PGE,) and inhibitory (epinephrine) hormones was enhanced in platelets from EHT sur> jects compared with those from NT controls. In the cell-free system, platelet membrane adenylate cyclase from EHT subjects exhibited an enhanced response to both receptor-mediated (PGE,) and non-receptor- 12.51 ±0.53 15.83 ±0.66t Adenylate cyclase activity was measured in platelet membranes as detailed in Methods. Data arc means ± SEM. Activation of adenylate cyclase by prostaglandin E( (PGE!) and forskolin is expressed as an activity ratio mat represents activity measured in the presence of stimulating agent divided by the activity measured in the absence of any additions (basal).
*p < 0.05, tp < 0.001, compared with values in normotensive subjects. mediated (forskolin) stimulation. The data support a likely involvement of the catalytic subunit of adenylate cyclase in the pathophysiology of hypertension.
The enhanced cyclic AMP accumulation response to PGE, confirms earlier observations for platelets from spontaneously hypertensive rats (SHR). 3M Hamet et al. 328 have reported a transient epinephrine-induced decrease in cyclic AMP concentrations in platelets from control rats but not from SHR, although we were unable to measure an inhibitory effect of epinephrine on basal cyclic AMP concentrations in platelets from either NT or EHT subjects. These results are not necessarily discrepant but rather reflect the sensitivity limitations of assay procedures under our experimental conditions. Alternatively, the discrepancies may be due in part to differences in ctj-adrenergic properties between rat and human platelets. 29 Simultaneous treatment of platelets with PGE, and epinephrine indicated an enhanced epinephrine inhibition of PGE,-stimulated cyclic AMP synthesis in EHT subjects. This finding confirms earlier reports from this laboratory 18 ' l9 on increased human platelet [Ca 2+ ], responsiveness to Oj-adrenergic stimulation in platelets from EHT subjects. One hypothesis for altered epinephrine responsiveness relates to receptor density or affinity, or both. However, radioligand binding studies have indicated that neither platelet Oj-adrenergic receptor number nor affinity is altered in borderline hypertensive subjects 30 or in treated and untreated subjects with established essential hypertension. 31 Since both epinephrine and PGE, exert their effects by way of adenylate cyclase (inhibition and stimulation, respectively), 32 an alternative hypothesis explaining modified hormone responsiveness might relate to receptor-cyclase coupling.
Hormone-sensitive adenylate cyclase is composed of at least three separate proteins: the hormone receptor, the catalytic subunit, which converts ATP into cyclic AMP; and the N proteins (N,, NJ, which are modulated by guanine nucleotides and serve as a shuttle between the hormone receptor and the catalytic subunit. 33 Our observation of enhanced cyclase responsiveness to PGE, and forskolin in EHT subjects suggests that enhanced catalytic subunit activity may account for the phenomenon of increased cyclic AMP accumulation of platelets from EHT subjects. Increased cyclase responsiveness to PGE, has also been demonstrated in platelets from SHR. 28 Although PGE, and epinephrine operate through distinct guanyl nucleotide binding proteins (stimulatory N, and inhibitory Nj, respectively), they share a common catalytic subunit. 34 In this study, a direct correlation between epinephrine-induced inhibition of basal and PGE,-stimulated adenylate cyclase of platelet membranes was found. This finding, together with the direct correlation between non-receptor-mediated (forskolin) and receptor-mediated (PGE,) stimulation of cyclase, suggests that the catalytic subunit of cyclase is the rate-limiting component of the receptoreffector system. Recent studies 35 on the receptorcyclase coupling protein of erythrocytes have indicated that N protein activity, as assayed after reconstitution into cyc~ S49 membranes, is not different between EHT and NT subjects. Although purification and reconstitution studies (see References 33 and 34 for reviews) indicate a high degree of conservation of N proteins in different species and cell types, we cannot completely exclude altered N protein activity in platelets from EHT subjects. Nevertheless, the present data support a more likely involvement of the catalytic subunit of adenylate cyclase in the pathophysiology of hypertension.
Intracellular cyclic AMP levels are also controlled by cyclic nucleotide phosphodiesterase, 3 and the activities of this enzyme have been found to be unaltered, 5 elevated, 4 or decreased 8 in the aorta and heart of SHR. The possibility of anomalous platelet phosphodiesterase activity in EHT subjects was not investigated in this study but does not appear to be primarily responsible for the observed cyclic AMP concentration differences between EHT and NT subjects, since neither basal nor maximally stimulated or inhibited cyclic AMP levels were significantly different between groups.
A fraction of the intracellular cyclic nucleotides generated in response to hormones is known to be released from the stimulated cells, and it serves to lower cellular cyclic nucleotides and provide a source of extracellular cyclic nucleotides.
3 * 37 In this study, measurements of platelet cyclic AMP concentrations included both the intracellular and possibly extruded extracellular nucleotides. In turkey erythrocytes and WI-38 fibroblasts, hormone-mediated egression of cyclic AMP was shown to occur much later (10-20 minutes) than the initial (30-60 seconds) intracellular accumulation of this cyclic nucleotide. 37 Thus, under the experimental conditions described in the present report, the measurements of platelet cyclic AMP concentrations probably reflect only intracellular levels of accumulation. An increase in plasma cyclic AMP has been correlated with an increase in systolic blood pressure in subjects injected with epinephrine. 38 Prostaglandins have also been shown to inhibit cyclic AMP egression in many cell types. 3637 The relevance of these observations to platelet cyclic AMP metabolism in persons with essential hypertension is unclear. A study of the effects of long-term exposure to hormones such as PGE, and epinephrine is needed to determine whether modulation of platelet cyclic AMP egression plays a role in hypertension.
It is also necessary to consider whether the observed alterations in cyclic AMP metabolism are relevant to the activity of cyclic AMP-dependent protein kinase, since this enzyme plays a major role in regulating platelet Ca 2+ flux and contractile protein function." An increase 10 and a reduction, 9 as well as no change, 39 in cyclic AMP-dependent protein kinase activity have been reported for the aorta of SHR. In the present study, the response of this enzyme to hormone-stimulated increases in cyclic AMP was comparable between platelets from NT and EHT subjects, and levels of cyclic AMP-dependent protein kinase were not different between groups. Thus, any involvement of cyclic AMP-dependent protein kinase in altering platelet function in persons with essential hypertension would appear to be indirect and dependent on alterations in the relative concentrations of circulating stimulatory and inhibitory humoral factors. The increased platelet responsiveness to epinephrine in essential hypertension found in this study and elsewhere 17 ' l8 suggests an enhanced platelet activation potential, which may contribute to enhanced stimulated vasoconstriction and an increased risk for coronary infarction and cerebrovascular accidents in hypertension. 40 We propose that the enhanced adenylate cyclase stimulation and cyclic AMP accumulation response to PGE, in platelets from hypertensive persons reflects a potentiated negative feedback controlling mechanism. Such an adaptive mechanism may function to protect the platelets against calcium overload and to dampen their participation in hemostatic and thrombotic processes.
